The durability of wood-based panels was evaluated by comparing the bending properties of panels subjected to fi ve accelerated aging treatments with the bending properties of panels that had experienced 5 years of outdoor exposure in Shizuoka City, Japan. In each accelerated aging treatment, methylene diphenyl diisocyanate-bonded panels showed higher bending retention than phenol formaldehyde (PF)-bonded panels. The bending retentions after six repeated cycles of the JIS-B, APA D-1, and ASTM treatments showed a correspondence of nearly one-to-one in the data for the three different treatments. The Shizuoka City 5-year outdoor exposure test data showed that the bending retentions of all panels decreased with time. In particular, the bending retentions of PF resin-bonded particleboard and oriented strandboard made from aspen were less than 30% and 10% of the original values, respectively, after the 5-year exposure period. The deterioration of the bending properties after the 5-year outdoor exposure in Shizuoka City was the same as that for six repetitions of the ASTM treatment.
Introduction
The durability of wood-based panels is one of the most important properties considered in housing construction 1, 2 because mat-formed panels, such as particleboard (PB) and medium-density fi berboard (MDF), have become widely used in recent years. For such use, basic information on long-term durability of the wood-based panels is needed. An estimation of how long the panels maintain their Y. Kojima (*) · S. Suzuki Faculty of Agriculture, Shizuoka University, 836 Ohya, Suruga-ku, Shizuoka 422-8529, Japan Tel. +81-54-238-4856; Fax +81-54-238-4856 e-mail: ykojima@agr.shizuoka.ac.jp required performance under actual environmental conditions has been a goal of many studies.
Methods for evaluating the durability of wood-based panels include long-term and short-term tests. Long-term tests, such as the outdoor exposure test, are methods that evaluate long timeframes by incorporating the factor of elapsed time. Many researchers have conducted outdoor exposure tests using veneer-based samples in Japan. [3] [4] [5] [6] Tenyear test results for wood-based panels were reported by Sekino and Suzuki. 7 Several other studies on the durability of mat-formed panels have also been published; [8] [9] [10] [11] however, many problems exist in applying test results obtained in North America and Europe [12] [13] [14] [15] [16] to Japan, which has different weather conditions. For this reason, accumulating and evaluating test data in Japan is necessary.
In contrast, short-term evaluations assess changes in mechanical properties after accelerated aging treatments, such as water immersion, boiling, steaming, freezing, or drying. Accelerated aging treatments are quicker to perform and more standardized than outdoor exposure tests, and they are essential in determining the durability of woodbased panels. Such accelerated aging treatments may seem artifi cial, but in recent decades, many attempts have been made to correlate degradation caused by outdoor aging with that of accelerated aging, 17, 18 including the use of ASTM D1037, 19 APA D-1 and D-4, 20 and V313 21 treatments. The results of outdoor aging tests are sometimes used as basic indicators when determining standardized test methods. 14, 22 In our previous articles, we focused on thickness swelling (TS) and internal bond strength (IB) during accelerated aging and outdoor exposure tests using eight commercial wood-based panels. We also clarifi ed how accelerated aging treatment results corresponded to given outdoor exposure test results. [23] [24] [25] Information from aging treatments using a bending test specimen is very limited, although this information is important for discussing the structural performance of the specimen. Bending properties are diffi cult to evaluate directly by TS or IB measurement because they are affected not only by the internal bond strength but also by the confi guration of the wood elements. Thus, we focused on evaluating the bending properties to assess the durability performance of wood-based panels.
The objectives of this study were (1) to clarify the effects of accelerated aging treatments on the bending properties of structural panels, (2) to establish correlations between accelerated aging treatments, (3) to assess 5-year degradation caused by an outdoor exposure test conducted in Shizuoka City, and (4) to establish correlations between accelerated aging treatments and outdoor exposure tests based on the bending properties.
Experimental

Sample panels
The four groups of commercial wood-based panels used in this research, PB, MDF, oriented strandboard (OSB), and plywood (PW), are widely used for construction purposes in Japan (Table 1) . Each panel group included two types of differing specifi cations for a total of eight panels. The PB panels were made from recycled wood with different binders. The MDF panels differed in thickness, binder, and end-use application. The OSB panels were imported products from different wood species. The plywood panels also differed in thickness. Because the OSB samples used in this project were obtained from North America and Europe, these panels are not necessarily representative of the OSB typically used in Japan. Although North America has very little methylene diphenyl diisocyanate (MDI)-bonded particleboard or MDF, MDI-bonded PB and MDF were selected because fabricators in Japan show a strong preference for these materials due to their high durability. The parallel direction on each panel surface was defi ned by the machine direction for PB and MDF, the surface strand alignment for OSB, and the surface veneer grain direction for plywood. The mechanical properties (modulus of rupture, MOR, and modulus of elasticity, MOE) of the panels before aging treatments are summarized in Table 1 .
Accelerated aging test treatments
To determine the bending properties of the eight woodbased panels, fi ve accelerated aging treatments were conducted: cyclic JIS-B, cyclic APA D-1, V313, ASTM six-cycle, and vacuum pressure soaking and drying (VPSD), as described below. With the exception of the VPSD procedure, all treatments followed standard methods or modifi cations of these methods.
1. The cyclic JIS-B treatment consisted of immersion in boiling water for 2 h, followed by immersion in water at 20°C for 1 h, and then drying at 60°C for 21 h. The treatment was carried out one, three, or six times, and a bending test was conducted after reconditioning. 2. The cyclic APA D-1 treatment is specifi ed by APA. 20 It consists of immersion in water at 66°C for 8 h, drying at 82°C for 14.5 h, and settling at room temperature for 1.5 h. The treatment was carried out one, three, or six times, and a bending test was conducted after reconditioning. 3. The V313 treatment is the specifi ed European Standard 21 method for cyclic testing of moisture resistance. The procedure has also been adopted as the JapaneseAustralian-New Zealand Standard (JANS) by the joint committee for Australia, New Zealand, and Japan. The test specimens were exposed to immersion in water at 20°C for 72 h, freezing at −12°C for 24 h, drying at 70°C for 72 h, and settling at room temperature for 4 h. The treatment was carried out one, three, or six times, and a bending test was conducted after reconditioning. 4. The ASTM six-cycle treatment is a common test method and is specifi ed in ASTM D1037 for mat-formed panel products. 19 It consists of cycle of six treatment steps, i.e., immersion in water at 49°C for 1 h, steaming at 93°C for 3 h, freezing at −12°C for 20 h, drying at 99°C for 3 h, steaming at 93°C for 3 h, and drying at 99°C for 18 h. The treatment was carried out one, three, or six times, and a bending test was conducted after reconditioning. 5. The VPSD treatment involves vacuum pressure soaking and drying. It consists of soaking under vacuum for 0.5 h, soaking under pressure (290 kPa) for 1 h, and drying at 60°C for 22 h. The treatment was carried out one, three, fi ve, or ten times, and a bending test was conducted after reconditioning.
Reconditioning involved oven drying for 24 h at 60°C, followed by 2 weeks of conditioning at 20°C and 65% relative humidity (RH). These fi ve treatments are summarized in Table 2 . Ten test pieces measuring 250 mm in the parallel direction × 50 mm were taken from each panel for the bending test. After each treatment, the bending test was performed in accordance with JIS A-5908. 26 For OSB, the bending tests were conducted only after the JIS-B, APA D-1, and ASTM treatments had been carried out six times; the V313 treatment had been carried out three times; and the VPSD treatment had been carried out ten times.
Outdoor exposure test in Shizuoka City
For each type of panel, twelve test sample boards, each 300 × 300 mm, were subjected to the outdoor exposure test on the campus of Shizuoka University (Shizuoka City, Japan; 
Results and discussion
Deterioration of bending properties for each accelerated aging treatment
The bending properties (MOR and MOE) for the control samples (untreated) are shown in Table 1 . In this article, the bending retentions are defi ned as follows: , and ASTM six-cycle treatments are shown for one, three, and six repeated cycles; the bending retentions for the VPSD treatment are shown after one, three, fi ve, and ten cycles. In this article, if the bending retention was greater than 100%, we defi ned it as "100% retention." As shown in Fig. 1 , for all aging treatments, the MOR retention of MDF(MDI) was about 80%. The MOR retentions of plywoods varied widely. The bending retentions decreased exponentially with increasing cycles. Comparison of the binder types showed that MDI-bonded panels had higher bending retentions than phenol formaldehyde (PF)-bonded panels. The MOE retentions (Fig. 2) showed the same tendency as that for the MOR retentions, but the MOE retentions were lower overall.
Relationships among the fi ve accelerated aging treatments Table 3 . For all combinations of accelerated aging treatments, linear relationships were clearly observed. In particular, the R values between the following pairs of treatments were greater than 0.9: the JIS-B(6) and APA D-1(6), the JIS-B(6) and ASTM(6), the APA D-1(6) and ASTM(6), the APA D-1(6) and VPSD(10), the V313(3) and VPSD (10) , and the ASTM(6) and VPSD (10) . Moreover, among these combinations of accelerated aging treatments, there were four combinations that satisfi ed R ≥ 0.9 and −10 ≤ b ≤ 10: the JIS-B(6) and APA D-1(6), the JIS-B(6) and ASTM(6), the APA D-1(6) and ASTM (6) , and the V313(3) and VPSD (10) . The results of the linear regression analysis for these four combinations of accelerated aging treatments, shown in Fig. 3 , were as follows:
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In these equations, BendingRet is the MOR and MOE retentions after the accelerated aging treatment shown in parentheses. The bending retentions after the JIS-B(6), APA D-1(6), and ASTM(6) treatments showed a nearly one-to-one correspondence. A possible reason for this close correlation is that these three accelerated aging treatments utilized the aging effects of heat and water (moisture), with each including a hot water soaking or a steaming step. Moreover, a one-to-one correspondence was observed between V313(3) and VPSD (10) , and this close correlation could be because these two accelerated aging treatments utilized the aging effects of water absorption and desorption without heating treatment. Figure 4 shows the relationships for the bending retentions after one cycle and three cycles of JIS-B, APA D-1, and ASTM treatments. These combinations showed a nearly The number of repeated cycles is given in parentheses The coeffi cients a and b were determined by linear least-squares regression (Y = aX + b) R is the coeffi cient of correlation one-to-one correspondence after six treatments cycles. Because the bending test for OSB was conducted for six treatment cycles only in this study, the bending retention results for six panels, i.e., all except OSBs, are shown in Fig.  4 . The bending retentions after one cycle and three cycles of the APA D-1 treatment were higher than those of the JIS-B and ASTM treatments. Despite the one-to-one correspondence among the bending retentions after six treatment cycles (Fig. 3) , the APA D-1 treatment showed only a small deterioration of bending properties in the early cycles, which increased with treatment repetitions. On the other hand, the bending retentions after one cycle and three cycles of the JIS-B and ASTM treatments showed a nearly one-to-one correspondence. This result indicated that the aging effects of one cycle of the JIS-B treatment and one cycle of the ASTM treatment were similar.
Bending retentions in the outdoor exposure test in Shizuoka City
The outdoor exposure test is a natural weathering method and provides the basis for applying laboratory-based accelerated aging test methods as practical standards. The weather conditions affecting the deterioration of woodbased panels are temperature, precipitation, sunshine duration, and wind, among others. Table 4 shows the bending retention values following 5 years of outdoor exposure in Shizuoka City. The annual average temperature during these fi ve years was 16.9°C, as compared to the 30-year average of 16.3°C. The annual precipitation (2304 mm) was normal (2322 mm).
27
The tabulated results show that the bending retentions of all panels decreased with time. In particular, the bending retentions of OSB(pine), PB(PF) and OSB(aspen) were less than 40%, 30%, and 10% after the 5-year exposure period, respectively. In contrast, MDI-bonded boards maintained high retentions over the same period, because the bending strength of MDI-bonded board is generally equal to or better than that of PF-bonded board. [28] [29] [30] For mat-formed panels other than plywoods, the bending retentions tended to decrease exponentially.
Accelerated aging treatments and outdoor exposure test correlations
The main objective in this report was to assess the correlations between accelerated aging treatments and outdoor exposure tests using bending properties. Ikeda and Suzuki 
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The deterioration of the bending properties after 5 years of outdoor exposure was the same as that for six repetitions of the ASTM treatment.
Conclusions
In this article, the relationship between accelerated aging treatments and an outdoor exposure test in Shizuoka City was assessed using bending properties. Five accelerated aging treatments and a 5-year outdoor exposure test were performed on eight types of commercial wood-based panels. For each accelerated aging treatment, the bending retentions decreased exponentially with increasing cycles. MDIbonded panels showed higher bending retentions than the PF-bonded panels. The bending retentions for some combinations of the fi ve accelerated aging treatments showed high correlations. In particular, the bending retentions after six cycles of the JIS-B, APA D-1, and ASTM treatments showed a nearly one-to-one correspondence.
The Shizuoka City 5-year outdoor exposure test showed that the bending retentions of all panels decreased with time. In particular, the bending retentions of PF resinbonded particleboard [PB(PF)] and oriented strandboard (OSB) made from aspen were less than 30% and 10%, respectively, after the 5-year exposure period. The deterioration of the bending properties after 5 years of outdoor exposure was the same as that after six repetitions of the ASTM treatment.
